Response to Two methods of Field Inoculation with Aspergillus flavus Background: Aflatoxins, produced by the fungus Aspergillus flavus, often contaminate preharvest maize (Zea mays L.) grain under heat and drought stresses, posing serious health hazards to humans and livestock, and resulting in significant costs to identify and dispose of contaminated grain. This study was designed to investigate the changes in differential gene expression during seed morphogenesis and maturation in the "aflatoxin resistant" Argentinian inbred line Tx772 when challenged by the introduction of A. flavus through two different methods of ear inoculation; non-wounding (silk channel, used to select Tx772), wounding (side needle) and a non-inoculated control.
Introduction
Evaluation of differential gene expression (DGE) in maize in response to inoculation with A.
flavus is challenging given the complexities of the pathogenic response under different environmental conditions and with the timing of infection and harvest. Studies up to the present, based on microarray analysis and/or RT-qPCR, have detected similar patterns of expression for some protein coding genes, such as chitinase, but many other detected genes have been novel to specific experiments. Since RNA-Seq can be applied without a reference genome, new gene sequences and sequence variations in the transcribed regions can now be recognized. In the case of maize, a reference genome is available (Cordes et al., 2009) but given the polymorphism of the maize genome, arising from small and large-scale rearrangements (2-4), genes responsible for phenotypes of interest may not be present in the reference genome.
TX772, a temperate Argentinian inbred featuring a hard and vitreous endosperm (Betrán, Isakeit and Odvody, 2002; Llorente et al., 2010) does not share a common pedigree with most U.S. lines of Reid Yellow Dent, Lancaster or Iodent types (Goodman, 2005) , and is genetically distant based on existing marker data (Smith, Murray and Heffner, 2015) . Hybrids of Tx772 with BSSS germplasm (Stiff Stalk Synthetic) have exhibited high yield potential under irrigation. Most significantly for this study, Tx772 has shown good general combining ability to resist aflatoxin accumulation under non-wounding silk-channel inoculation, as evaluated using a diallel with certain tropical and subtropical inbred lines in several southern environments (Betrán, Isakeit and Odvody, 2002) . In the multi-environment Southeast Regional Aflatoxin Trials (SERAT), the four hybrids using Tx772 as a parent ranked lower in aflatoxin contamination than 75-80% of the other test hybrids and ranged from 83-93% of the average check level (Wahl et al., 2017) .
To date, few studies have published profiles and changing patterns of differential gene expression in developing maize kernels (Lee et al., 2002; Liu et al., 2012; Lu et al., 2013) , and only one has reported on changes in expression following A. flavus infection (Dolezal et al., 2014) . From these studies, kernel maturity has been shown to be significantly associated with gene expression. Maize kernels go through stages of development beginning with silking (R1), followed by blister (R2), milk (R3), dough (R4), dent (R5) and physiological maturity (R6) (Ritchie, Hanway and Benson, 1997) . In addition to the length of time following inoculation as a factor in percentage of kernels colonized and infected (Payne and Widstrom, 2008) , changes in kernel biochemical composition during kernel development would be expected to influence the degree of infection by the fungus, and possibly the levels of aflatoxin contamination. For example, as early as 10 days after pollination (DAP) at the blister stage, certain alpha zeins and gamma zeins are only just detectable (Woo et al., 2001) and reach significant levels by 15 DAP; in mature maize kernels at 55 -65 DAP, prolamins or zeins comprise about 50% of the proteins (Liu et al., 2008) . Starch reserves are also built up in the endosperm from glucosyl, and fatty acids are stored in lipid bodies. This growing supply of nutrients can support the growth of the fungus which can begin with silk colonization (Payne and Widstrom, 2008) and has been found capable of infecting all tissues of immature kernels at different stages within 96 hours following infection . (Dolezal et al., 2014) further investigated this effect in a microarray analysis of transcriptional and physical changes in developing maize kernels infected by A. flavus, by inoculating ears of the inbred maize genotype B73 that is highly susceptible to the fungus and production of aflatoxin (Warburton et al., 2013) at stages R2 -R5, and hand harvesting the ears four days later, followed by immediate RNA extraction. To gain a full spectrum of DGE relative to those mock-inoculated, Dolezal et al., (2014) pooled all samples.
Given the complexity of mechanisms occurring in three tissues: maternal, endosperm and embryo, this approach provided a more complete picture of all the genes likely to respond to the presence of the fungus at different stages in the field environment, although the tissues were not tested separately.
A different approach was taken in profiling gene expression with microarray analysis in A. flavus while colonizing maize kernels. Kernels were harvested from the blister to dent stages in the field, and then inoculated in vitro with fungal conidia (Reese et al., 2011) . Among the 190 fungal genes analyzed for patterns of expression, many exhibited differential expression (DE) that appeared to be dependent on the stage of maturity in the kernels.
Several methods have been developed and applied over the past forty years to inoculate maize through introducing A. flavus conidial spores in a suspension of distilled water to the ears of maize. Under natural conditions inoculation is otherwise governed strongly by the environment and presence and prevalence of fungal spores. Inoculation methods can be broadly grouped as "wounding" and "non-wounding". Wounding methods include the side needle technique which involves inserting a needle under the husks and injecting about three ml. of suspension over the kernels, nicking some kernels in the process (Buckley, Williams and Windham, 2006) , as well as pinbar inoculation and the knife technique (Scott et al., 1991) both of which try to carry spores while creating a wound. A non-wounding technique traditionally used in Texas requires squirting the inoculum down the silk channel under the husk at the tip of the ear without nicking any kernels (Zummo and Scott, 1989) , this is how Tx772 was identified as having decreased accumulation of aflatoxin. Another, more recent, non-wounding method is ground kernel inoculation which increases disease pressure by applying colonized kernels in the furrows to sporulate (Odvody et al., 2000; Farfan et al., 2015) ; this method is analogous to those used in current atoxigenic biocontrol applications of A. flavus (Isakeit et al., 2010; Grubisha and Cotty, 2015) . Non-wounding methods are likely better choices for growerrelevant testing of maize in preharvest aflatoxin susceptible production areas where populations of wounding insects are low and wind or other non-wounding natural inoculation are more important. In contrast, the wounding technique typically can produce higher levels of aflatoxin (Buckley, Williams and Windham, 2006) .
The primary objective of this exploratory study was to identify genes significantly differentially expressed between inoculated and non-inoculated Tx772 kernels at a given stage of maturity (blister, milk, dough or dent), focusing on validating those genes previously reported as having contributed to a pathogenic response. A second objective was to compare the effects of two inoculation methods and the non-inoculated control on gene expression at a given stage of maturity, with respect to identity, function and degree of fold change, as well as to determine if one inoculation method resulted in a larger number of consistently significantly differentially expressed genes (DEGs). In conjunction with this assessment, levels of aflatoxin, and the variation and characterization of fungal transcripts in each sample were also determined for evaluation of inoculation success.
Methods and Materials

Inoculum preparation and application
Inoculum was prepared from the A. flavus isolate NRRL 3357 grown on sterilized corn kernels.
The conidia were washed off and purified by repeated sedimentation through centrifugation at 4 0 C to obtain a final spore concentration of 10 7 mL -1 (Wahl et al., 2017) . The same inoculum was used for silk channel and side needle inoculation.
Replicate samples of maize inbred line TX772 (Llorente et al., 2010) were grown in College Station in 2012 and subjected to one of three treatments: 1. Three ml of inoculum down the silk channel (Zummo and Scott, 1989) . Three ml of inoculum by side needle (Buckley, Williams and Windham, 2006) , or 3. no inoculation at 10 days after pollination (DAP). Ears were harvested at the following stages of maturity: 1. blister (11dap) 2. milk/early dough (21-25 dap) 3. late dough (29 dap) and 4. early dent (36 dap). Since the milk and early dough stages were only four days apart, these samples were analyzed as one group named "milk". All kernels cut from each ear were flash frozen at harvest at -80C, ground with a mortar and pestle, and thoroughly mixed for RNA extraction and testing for the levels of aflatoxin.
RNA extraction and sequencing
Total RNA was extracted from 40 mg of finely ground kernel samples using the Spectrum™ Plant Total RNA Kit; Sigma-Aldrich, St. Louis, MO, 2010, according to manufacturer's protocol., except for some samples in lysis solution that needed to be filtered twice. The total RNA was qualified and quantified with an Experion RNA HighSens Analysis Kit; Bio-Rad, Hercules, CA.
Approximately 1.4 µg of total RNA was used for cDNA synthesis, followed by construction of RNA-Seq libraries using the TruSeq RNA kit version 2.0, Illumina (San Diego, CA). Samples were submitted for sequencing at BGI Americas (Cambridge, MA) using a module of 100PE (paired ends) on the Illumina HiSeq 2000 platform. The clean reads were sorted according to the barcode of its library and extracted using the BGI pipeline. These clean reads were deposited at https://www.ncbi.nlm.nih.gov/sra, with Project Number PRJNA384648.
Transcriptome assembly and quality assessment
A de novo assembly of transcripts and genes were made at the High Performance Research Computing resources at Texas A&M University through application of the Trinity platform (Haas et al., 2013) on the 24 samples to form the basis of a single Trinity.fasta file. Twenty-four RSEM gene and isoform results files were generated from the Trinity.fasta file in conjunction with the 48 left and right compressed fastq files. Trinity functions were run to compare biological replicates and determine the relatedness of samples. A decision was made to eliminate one silk channel sample and one non-inoculated sample from the milk group in the differential expression analysis that were clear outliers as shown in the principal component analysis ( Figure 1 ) a. The blister stage consisted only of the three treatments without replicates, there were three replicates at the milk stage, and two replicates each at the dough and dent stages. Because the mRNA from a fungus-inoculated sample was a mixture of mRNA's from the host plant and pathogen, fungal sequences were identified in the Trinity.fasta file through the application of BLAST+ against the downloaded cDNA file of Aspergillus flavus (NRRL3357) which was obtained from the website: http://fungi.ensembl.org/info/website/ftp/index.html. A maximum p-value for identifying A. flavus cDNA sequences was set to 1e -20. These fungal sequences were characterized in BLASTn and summarized in S2 Table, and their Trinity ids were used as a filter to remove them from the maize count matrices.
Statistical models and differential gene expression
Differential gene expression analysis was conducted using edgeR from Bioconductor (Haas et al., 2013) and run independently of Trinity for greater flexibility in statistical modeling. This R package references a table of actual (or expected) read counts with columns corresponding to the sample libraries, and rows corresponding to the assembled transcripts. The application of a negative binomial distribution in this package assumes that the true gene abundances follow a gamma distribution across replicate samples. A series of functions in R were designed to call upon edgeR routines to: 1) filter out lowly expressed genes with read counts less than 5; 2) implement the experimental design which consisted of two main types of contrasts for differential gene expression: one maturity level versus another, and one inoculation method versus non-inoculated, at each maturity level; 3) calculate and apply trimmed mean of M-values (TMM) normalization scaling factors to correct for the differences in library sizes (Dillies et al., 2013) ; 4) estimate gene-specific dispersion appropriate for the negative binomial model to account for the biological coefficients of variation expected to exist among genes; 5) conduct a likelihood ratio test (LRT) to determine significant differential gene expression defined by p≤.05, FDR ≤ .10 and log2FC ≥ 2; and finally 6) Run a modified " TopTags" in edgeR to find the "n" most significant DEGs, in which the Benjamin-Hochberg (BH) method is applied to control the false discovery rate (Benjamini and Hochberg, 2018) . In 4), the gene-specific dispersion factor is calculated on the entire set of samples, at first as a common factor to all genes in all samples, followed by a tagwise dispersion. This provides some correction to gene expression measured for treatments that are lacking replicates, as was the case with the blister group.
A paired t-test was applied to average numbers of reads among replicates for each gene between samples inoculated by silk channel with those inoculated by side needle at each level of maturity, using a similar statement in R: t.test(blist_side, blist_silk, paired = TRUE).
Identification of differentially expressed genes
The primary database referenced for identification of each significant differentially expressed gene as represented by a Trinity.fasta sequence was MaizeGDB (Lawrence et al., 2008) that provided Gramene numbers based on v4 of the maize B73 reference genome. The database most commonly accessed within MaizeGDB was MaizeCyc (Monaco et al., 2013) , that provided the name of the most likely gene product, but often Pfam (Finn et al., 2014) and InterPro (Hunter, 2002; Apweiler et al., 2014) were checked as well. NCBI BLASTn (Johnson et al., 2008) was consulted for sequences with alternative characterizations. Original articles were also referenced for gene identities, function and biological processes, especially with respect to pathogenic responses and disease resistance.
Measurement of aflatoxin contamination
Sub-samples of kernels ground for each treatment ranging from 16 to 35 g per ear were tested for aflatoxin concentration using the VICAM AflaTest ® per manufacturer's instructions and as used and described in more detail in (Wahl et al., 2017) .
Results and Discussion
Statistics on RNA-Seq transcript and gene assembly
A total of 313.8 million clean reads were obtained from the sequencing of the 24-RNA-Seq libraries constructed from 24 samples. The clean reads had a quality of > Q20 for an average of 96.64% of the reads ranging from 95.95 -97.35%. Each sample had an average of 13.1 million clean reads, varying from 10.6 -13.7 million. A total of 268,720 transcripts (isoforms) resulting from the transcriptome assembly were associated with 152,574 "genes"
with an average contig length of 636 bases. Eighty-five percent of the reads aligned concordantly more than one time, and twelve percent aligned exactly once.
The number of paired-end reads with at least some overlap counted by edgeR in each sample (Table 1 a 
General characteristics of gene expression
The maturity of the kernels at harvest appeared to be the greatest source of variation, as indicated by principal component analysis of log2(read counts), re-scaled or normalized based on library sizes in Figure 1 . Using a single gene as an example, at the sucrose synthase (shrunken1) locus, the read counts normalized by the Trimmed Mean of M-values (TMM) method (Dillies et al., 2013) at the blister stage ranged from 1,032 -1,217, at the milk stage:
444 -701, at the dough stage: 195 -276, and at the dent stage: 161 -259. This led samples to primarily be grouped and analyzed according to the stage of development, which indicated effects of any other treatments or factors should be evaluated within the context of stage of maturity.
Even with the limited number of biological replicates within treatment sets, the DGE in response to inoculation and/or the presence of A. flavus were distinctive at each stage regarding specific patterns of gene ontologies, numbers of genes, and magnitude and direction of expression. A paired t-test applied to the average read counts at each stage showed no significant differences between the two inoculation methods for blister and dent samples.
However, results were significant at the milk and dough stages, likely due to fewer genes being differentially expressed, and of these, only a small percentage were up or down-regulated under both types of treatment. In the blister group, both methods of inoculation versus noninoculation resulted in mostly up-regulation of over 50 genes, with similar fold changes between inoculation methods that often exceeded two; this despite the observation that few fungal reads were detected in the silk channel sample. This finding suggests the fungus can dramatically influence the host's gene expression, even at low levels. More noteworthy is the DGE in response to the inoculation at such an early stage of development, as fungal infection of kernels damaged (Dolezal et al., 2014) or un-damaged (Marsh and Payne, 1984) have not been reported and have not been believed to occur before milk stage. However, it is possible that early host responses to inoculum is a function of a "resistant" genotype that would not be observed in a susceptible genotype.
In total, there were 685 unique transcripts DE between inoculated samples versus noninoculated samples over all stages of maturity within the bounds of p ≤ .05, FDR ≤ .10, and a fold change of 2 (log2FC ≥ 1). The likelihood ratio test was applied to each comparison which permitted a ranking of differentially expressed genes (DEGs) and provided a p-value and FDR. In Table 2 , the fifty genes most significantly differentially expressed at the blister stage under both methods of inoculation are presented, excluding those with uncharacterized gene products. represented in a similar manner; the largest group of significantly DEGs was found in the sideneedle inoculated dent kernels, but no more than the top fifty genes were subjected to analysis. Graphical depiction of numbers of up-regulated and down-regulated genes in Tables 2-4 are shown in Figures 2a and 2b . Over all stages of development, aflatoxin levels were higher in the side needle inoculated samples, and there were much higher levels of fungal reads in certain side needle samples.
DEGs previously associated with injury or pathogenesis and their function in A. flavus infection
A total of 16 DE protein-coding genes were identified under one or both inoculation treatments in this study, each of which has been previously associated with a response to injury and/or presence of a pathogen in relevant other studies (S1 Table) . These primarily increased under inoculation but one, gamma-thionin, decreased (Figure 3 ). Given the corroborating evidence of our study, these 16 DE protein-coding genes are worth discussing in more detail and will be grouped according to a function highlighted in this study. and 19 of glycoside hydrolases and catalyze chitin degradation in the fungal cell wall (Ferreira et al., 2007) . Some classes are mainly chitin-binding, and thus inhibit fungal growth by disrupting cell polarity when bound to the fungal cell wall. In this study, GRMZM2G005633 of family 19 was up-regulated by over four-fold in the side-needle inoculated kernels at blister stage, while in the dough stage both the silk channel and side needle inoculations were associated with upregulation of about 32-fold in GRMZM2G057093 of family 18. The former was assigned to the maize genome region of bin 10.04 (Hawkins et al, 2015) while the latter was assigned to bin 1.08 by MaizeCyc, a network of metabolic pathways delineated in B73 (Monaco et al., 2013) . Hawkins et al., (2015) did not find that chitinase (GRMZM2G005633), which they identified in their QTL mapping populations of hybrids derived from susceptible and resistant parents, contributed to any phenotypic effect with respect to aflatoxin contamination resistance. This was possibly due to post-translational modifications of the chitinase by a fungal protease (Naumann, Wicklow and Kendra, 2009; Naumann and Wicklow, 2010) . Chitinase 2 (GRMZM2G057093), significantly DE in this study, did not appear in the genetic mapping populations discussed previously, likely because it was not segregating between the parents (Hawkins et al., 2015) . This gene was expressed in the dough samples and may have been instrumental in preventing the levels of infection from more quickly reaching those of the blister or dent stages, according to the relative numbers of fungal reads as will be discussed later.
Resistance to pathogens exhibited by most lipoxygenases have often been difficult to determine, including the two up-regulated in this study, LOX1 (GRMZM2G156861) under silk channel inoculation in dough kernels by 16-fold, and LOX8 (GRMZM5G822593) by more than four-fold in the dent samples (Fountain et al., 2014 ). Yet there is evidence from QTL studies (Mideros et al., 2014) and a DGE study (Christensen et al., 2013 ) that these two genes contribute to resistance to aflatoxin contamination. Furthermore, in a genome-wide association study to identify metabolic pathways contributing resistance to aflatoxin contamination in maize, genes for both LOX1 and LOX8, contributed a highly significant positive effect (Tang et al., 2015) . LOX8, among other lipoxygenases, contributes to the biosynthesis of the hormone jasmonate (JA) (Christensen et al., 2013) , and this is the key hormone associated with an incremental decrease to levels of aflatoxin in a GWAS panel (Tang et al., 2015) .
One protein belonging to a multi-functional class of defense proteins, flower-specific γthionines (GRMZM2G392863), was down-regulated in the inoculated blister samples. This was the only DE protein identified as antifungal and protective against insect pests to be downregulated under inoculation (Lay et al., 2003) in this study. Another unnamed protein, (GRMZM2G334181) related to a protein kinase that responds to salt stress (Zhang et al., 2009) shows homology to an antifungal protein with protease inhibitory activity (Sawano et al., 2007) as aligned in the Pfam database, was similarly DE in the dough stage under both treatments by around six-fold.
Hypersensitive type: There are many normal metabolic processes that can lead to the production of reactive oxygen species (ROS) that are harmful to the cell, but abiotic and biotic stresses may lead to an excess of ROS (Shigeoka et al., 2002) . If ROS levels exceed a certain threshold programmed cell death (PCD) or apoptosis can be activated in a hypersensitive response to an invading pathogen (Solomon et al., 1999) . Cysteine protease (GRMZM2G150256), which is activated by high levels of ROS, was highly up-regulated in side needle inoculated milk stage samples. Plants also have protease inhibitors to limit the PCD, but none were DE in this study.
Stress response group:
In contrast to the effects of proteases, peroxidases in the plant as well as in the fungus are protective against the damaging effects of ROS arising from increased levels of H2O2 in response to pathogenic attacks and other factors (Shigeoka et al., 2002) , and an ascorbate peroxidase (APX) gene (GRMZM2G140970) was up-regulated by about 8-fold in both blister samples. Experiments on transgenic antisense tobacco with reduced APX infected with the bacterium Pseudomonas syringae resulted in elevated cellular H2O2 levels that led to enhanced cell death (Mittler et al., 1999) . However, it must be considered that H2O2 has beneficial roles as well as detrimental ones that must be balanced in a regulatory system (Shigeoka et al., 2002) ; this would explain why gene expression of some peroxidases are downregulated instead of up-regulated under similar experimental conditions. Jasmonate is a plant hormone noted for increasing resistance to necrotrophs such as A.
flavus, as opposed to biotrophs that obtain nutrients from living tissue (Glazebrook, 2005) . In this study two genes associated with proteins described as "induced by jasmonate" were upregulated, one in the blister inoculated samples (GRMZM2G050412) with large positive fold changes for side needle and silk channel treatments, and the other a beta glucosidase jasmonate-induced aggregating factor1 (GRMZM2G172204) in the dent samples with smaller fold changes.
Glutathione-S-transferases (GST) has a role in detoxifying toxic substances encountered during biotic and abiotic stress and has been moderately correlated with resistance to a number of maize pathogens (Wisser et al., 2011) . Gene expression for a protein with GST activity (GRMZM2G042639) was upregulated about two-fold under both inoculation treatments in the dent samples.
Certain heat shock proteins such as Hsp90 are involved in disease and pest resistance besides acting as molecular chaperones to regulate and maintain proper protein conformations (Liu et al., 2004; Xu et al., 2012) . Kelley et al., (2012) Innes Afzal, Wood and Lightfoot, 2008) . One study demonstrated the contribution to resistance to powdery mildew caused by the fungus, Blumeria graminearum in wheat (Chen et al., 2016) , and another to rust resistance in barley stems (Brueggeman et al., 2002) . In the blister samples, the fold change for the LRR receptor ser/thr protein kinase (GRMZM2G011526) was an approximately 64-fold increase for both treatments.
Bzip transcription factor 60 (GRMZM2G444748), identified in Arabidopsis thaliana as AT1G42990 has shown significant DGE under pathways unique in the response to chitin elicitation (Libault et al., 2007; Zhang et al., 2007) that were initially independent of three stress hormones: ethylene, jasmonic acid and salicylic acid. Bzip transcription factor 60 was DE by more than 20-fold in both the silk and side needle blister samples (Table 2) .
Lignin biosynthesis group: In host plants, a build-up of lignin has been associated with resistance to fungal growth, providing a first line of defense against pathogen invasion as it strengthens the cell wall against mechanical pressure arising from fungal appressoria attempting penetration. Lignin is synthesized from phenylpropanoid hydroxycinnamyl alcohols, (Ebrahim, Usha and Singh, 2011) , and the enzyme hydroxycinnamoyl transferase (GRMZM2G127251) was up-regulated by more than two-fold in the dent side-needle inoculated samples. Another enzyme involved in the lignin biosynthesis pathway, O-methyltransferase (GRMZM2G127418, GRMZM2G036048), was up-regulated by more than four-fold in both side needle and silk channel samples at the dent stage. Regarding hydroxycinnamoyl transferase3 involved in lignin biosynthesis, (Kelley et al., 2012) reported that a related gene, cinnamoyl-CoA reductase was significantly expressed in the susceptible maize line Va35 upon inoculation with A. flavus. O-methyltransferase is also essential in lignin biosynthesis, and a mutation in that gene produces the brown midrib3 phenotype, which modifies and reduces lignin content in the stems and roots, making the stems more digestible as a forage crop (Vignols et al., 2007) . The effects of RNA-mediated silencing to inhibit the former enzyme, which has a key position in the phenylpropanoid pathway in the formation of lignin arrested early development of Arabidopsis plants (Hoffman et al., 2004) . In transgenic lines of alfalfa (Medicago sativa L.) that limited enzyme activity from 15-50% resulted in significant stunting, reduced biomass, and delayed flowering (Shadle et al., 2007) . Therefore, knocking down enzymes that are known to be key to lignin biosynthesis to test disease resistance would likely have undesirable side effects.
However, the correlation between levels of phenolic compounds that are incorporated into lignin following inoculation with the fungus as was done with peanuts, another crop subject to aflatoxin contamination, has been measured (Liang et al., 2006) . Not only was there a significant negative correlation between infection rate and lignin abundance seven days following inoculation, but resistant genotypes required much less time to reach maximum levels of key enzyme activity to metabolize lignin precursors than susceptible types. Other studies have shown this as well (Fajardo et al., 1995 (Fajardo et al., , 2009 Liang, Luo and Guo, 2006) .
Other classes of genes DE not directly related to pathogenic response
In addition to the proteins described above for which there is some evidence of an antifungal effect, two other classes of genes that were differentially expressed in this and previous studies are likely important.
Five different alpha zein genes in the blister stage were up-regulated in the inoculated samples compared with the non-inoculated ones with fold changes in the range of 3.3 -7.4
( Table 2 and S1 Fig) , as were 15 genes related to translation including ribosomal proteins and elongation factors. In addition, a 16kD gamma zein was extremely up-regulated in the same comparison, making it the most highly up-regulated gene. Coincident with the up-regulation of the alpha zein genes, twelve genes coding for ribosomal proteins along with four coding for elongation factors were up-regulated at the blister stage as well. Two previous studies on transcriptional patterns in maize identified the opaque2 transcription factor, which through a regulatory network, affects the expression of certain alpha zein proteins, together with certain ribosomal genes and elongation factors (Hunter, 2002; Li et al., 2015) , although DE of the opaque2 was not detected at this stage in the current study.
In the dent stage, however, all the alpha zeins and the same gamma zein were downregulated, the former by about 60%, and the latter by 75% (Table 4 ). The same pattern of down-regulation for all zeins was observed in the study of DGE on field inoculated ears at different stages of maturity combined (Dolezal et al., 2014) . In addition, two transcription factors that regulate zein expression were also down-regulated including opaque2 (GRMZM2G015534) by 50%, and endosperm-specific prolamin box binding factor (PBF) zinc finger (GRMZM2G146283) by 60%. An important consideration in the novel up-regulation of zeins is that TX772 has a vitreous (i.e. hard, flinty) endosperm, while most if not all of the germplasm tested in comparable DE studies are dent type (softer, more floury) endosperm (not to be confused with the dent kernel development stage). Dent types include the resistant inbred line Mp313E, which is a yellow dent type developed from Tuxpan (Scott and Zummo, 1990) , and another inbred line derived from it, Mp715 (Williams and Windham, 2001) .
When vitreous and floury endosperms were compared for protein and starch composition, the increase in alpha zeins (twice as much in flint compared to floury) as well as the arrangement and size of starch granules contributed to the hardness of the kernel (Gayral et al., 2016) . Vitreous compared to softer dent type endosperm has been positively correlated with resistance to ear rot and aflatoxin contamination (Darrah et al., 1987; Betrán, Isakeit and Odvody, 2002; Llorente et al., 2010) . Perhaps up-regulating zein genes as found at the blister stage in response to infection is one way that Tx772 builds up resistance to colonization by the fungus, as evidenced by greater expression of these genes in inoculated samples. Yet, some infection did occur in the samples harvested at the dent kernel development stage, and at that point zein gene expression in the non-inoculated kernels was two to three-fold higher than those that were inoculated. In the (Dolezal et al., 2014) study, infected kernels of susceptible B73 (a softer dent kernel type) had lost much of the zein-filled hard endosperm, and with it most of the cells still capable of producing the protein, which were replaced by starchy endosperm, by maturity. In our study, most of the kernels up to the dent stage appeared to be intact, while zein gene expression was suppressed in inoculated kernels at this more advanced stage.
The second class of genes pertained to proteins that are known to increase free hexose levels, as observed by (Dolezal et al., 2014) . In the current study we noted up-regulation of invertase cell wall1 (GRMZM2G139300) and invertase1 (GRMZM2G394450) in the blister and dent samples, and two alpha amylase genes, (GRMZM2G103055) and (GRMZM2G138468), the latter of which was up-regulated by over 32-fold in the silk channel and side needle inoculated samples compared to the non-inoculated ones. A recent study on expression profiling of 267 unigenes in a mapping population derived from a cross between an aflatoxin contamination susceptible parent and a resistant parent revealed many genes involved in the synthesis and hydrolysis of starch and sugar mobilization were highly expressed (Dhakal et al., 2017) and
others related this to providing energy and/or precursors of lignin and phytoalexins used in the defense response (Bolton et al., 2008; Granot, David-Schwartz and Kelly, 2013; Shu et al., 2015) . Agrios, (2005) explained that when plants are infected by pathogens, the rate of respiration is up-regulated, which often translates to an increase in glycolysis. In more resistant plants, respiration increases more quickly to provide the abundant source of energy needed by its defense mechanisms. In the blister group, glyceraldehyde-3-phosphate dehydrogenase and an oxidoreductase, which are catalysts in the conversion of glucose to energy through their acting on NADH or NADPH, (Sirover, 2014) (Gani et al., 2016) were also upregulated by about four-fold (Table 2 ). In the dent development stage group, two enzymes related to cellular respiration, NADH dehydrogenase subunit 7 and protein kinase 5'AMPactivated were up-regulated as well, Table 4 . Thus, our results, involving up-regulation of genes producing or utilizing simple sugars at the expense of those making starch, align with previous observations related to energy production, but not those related to the biosynthesis of lignins.
At the same time, some have suggested (Govrin and Levine, 2000; Dolezal et al., 2014) that fungal pathogens alter the host plant's metabolism to secure their own nutrition, which could certainly be the case in increasing the levels of free hexoses. In this study, fungal genes for three enzymes contributing to glycolysis were expressed in either blister or dent samples including enolase, fructose-biphosphate aldolase and glyceraldehyde 3-phosphate dehydrogenase. In addition, fungal endoglucanase was expressed, which acts as a cellulase to degrade cell walls.
Fungal sequences show high correlation with maize DEGs and aflatoxin level
Numbers of fungal reads detected above a certain threshold (1e -20) are also listed in the Table   1 (e) and (f). Fungal cDNA sequences of mainly A. flavus, in addition to others identified by BLASTn (Johnson et al., 2008) such as Aspergillus orzyae, and Fusarium verticillioides, were detected especially at the blister and dent stages. At the dent stage, the non-inoculated samples had what appeared to be some natural contamination from the field. Although numbers were still significantly lower than those of the inoculated samples, this is consistent with our expectation of corn development in Texas given the large pool of A. flavus inoculum in the field; there is currently no way to our knowledge to eliminate all natural infection under field conditions. The correlation between number of DEGs and fungal reads for each of the eight treatment groups was 0.57, but increases to 0.88 if excluding the paucity of fungal reads detected in the blister silk channel sample which had a significant number of maize DEGs. The range of aflatoxin was 0 to 137 ng g -1 , and correlated with the distribution of fungal reads at r = .65. Levels of aflatoxin in this study (Table 1 (g)) were relatively low at the time points measured, but levels are highly subject to environmental factors (Payne and Widstrom, 2008) , metabolic state of the kernels (Jiang et al., 2011) , the state of the fungus (Jayashree and Subramanyam, 2000) , and the length of time since infection (Scott, G.E. and Zummo, 1994; Betrán and Isakeit, 2004) . Mideros et al. (Mideros et al., 2009) previously showed that qPCR of the A. flavus internal transcribed spacer 1 (ITS1) often closely correlated to aflatoxin. Our finding suggests that overall transcript level might also be a promising measure for A. flavus contamination.
Characterization of fungal genes expressed
Fungal genes were identified from the samples for which at least ten reads could be assigned to a given transcript at a certain stage of maturity (S2 Table) . At the milk stage, many of the fungal loci had less than ten reads, and so were not represented in this table. There were no transcripts expressed in the kernels inoculated by silk channel that were not also expressed in the side needle samples. A few fungal transcripts, especially at the dent stage were also lowly expressed in the non-inoculated samples as well as those mentioned previously. Loci of proteins or noncoding RNAs for which a specific product has not been characterized and named, were assigned to the "uncharacterized" transcripts category; these represented about 16% of total fungal transcripts.
The genes for the 40S and 60S ribosomal proteins greatly outnumbered all other genes at the blister, dough and dent stages at 58%, 8% and 36% of total transcripts at each stage respectively. At all stages, at least one stress response gene in the fungus was expressed. None of the 25 genes directly involved in the biosynthesis of the secondary metabolite aflatoxin were detected in this study (Yu et al., 2004; Ehrlich, Yu and Cotty, 2005) . Among the stress-related transcripts, the presence of fungal superoxide dismutase in the dent samples indicated a need reduce the levels of ROS in the kernels, which are believed to be contributory to the production of aflatoxin (Jayashree and Subramanyam, 2000; Fountain et al., 2016) . In addition, presence of the CpcA expressed in the dent samples was observed. CpA has been labeled a "cross pathway control" transcription factor, due to evidence that it controls transcription factors directly regulating production of fungal secondary metabolites, such as glioxin in Aspergillus fumigatus, or sirodesmin PL in the plant pathogen Leptosphaeria maculans (Desm.) (Elliott et al., 2011) .
One other interesting gene expressed, in this case in the blister kernels was ceratO-platanin, which is an extracellular secretory protein produced during kernel colonization (Elliott et al., 
Conclusion
RNA-Seq with de novo transcriptome assembly in Trinity served to illuminate different patterns of differential expression among the four stages of maturity in maize kernels and identify the DE of many genes in maize kernels in response to field inoculation with Aspergillus flavus. Both the silk channel (non-wounding) and the side-needle technique (wounding) were effective in establishing A. flavus fungal infections as evidenced by the detection of fungal reads in inoculated samples and similar DGE in magnitude and direction at each stage of maturity, even with the limited number of replications. Sixteen of the DGEs identified had been previously associated with a resistance response to the presence of a pathogen or tissue damage, and certain others pertained to carbohydrate metabolism and energy production to support the defense response. Any future work in differential gene expression should critically consider the development stage of the seed when evaluating significant differences among genotypes or treatments. In the case of flint endosperm types in maize, we have provided some evidence of the contribution of alpha zeins can make to resistance to infection and levels of mycotoxin contamination. The complexity of biology and especially gene network analysis means that a single study can often not be definitive, and a body of evidence must be built, so it is important that here we both confirmed 16 previously implicated genes and identified additional genetic pathways for future investigation.
Testing this further, a more extensive DGE study beyond this exploratory one is recommended, preferably on endosperm tissue alone collected at two or three time points with more replications. This would provide opportunity to confirm that up-regulation of zein genes in the early stages is a novel feature of germplasm such as Tx772. Another modification would be to select only one method of inoculation and apply that without the fungal suspension for mock-inoculated controls. And finally, valuable information would be gained from expanding the same tests to include a well-known susceptible inbred such as B73 or Va35.
The results would indicate which genes are most likely to contribute to aflatoxin resistance in the same environments, and enable more direct comparisons with the results of similar studies.
